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Inverse Regulation of Biofilm Formation and Swarming Motility by
Pseudomonas aeruginosa PA14䌤
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Received 31 October 2006/Accepted 15 February 2007

We previously reported that SadB, a protein of unknown function, is required for an early step in biofilm
formation by the opportunistic pathogen Pseudomonas aeruginosa. Here we report that a mutation in sadB
also results in increased swarming compared to the wild-type strain. Our data are consistent with a model
in which SadB inversely regulates biofilm formation and swarming motility via its ability both to modulate
flagellar reversals in a viscosity-dependent fashion and to influence the production of the Pel exopolysaccharide. We also show that SadB is required to properly modulate flagellar reversal rates via chemotaxis
cluster IV (CheIV cluster). Mutational analyses of two components of the CheIV cluster, the methylaccepting chemotaxis protein PilJ and the PilJ demethylase ChpB, support a model wherein this chemotaxis cluster participates in the inverse regulation of biofilm formation and swarming motility. Epistasis
analysis indicates that SadB functions upstream of the CheIV cluster. We propose that P. aeruginosa
utilizes a SadB-dependent, chemotaxis-like regulatory pathway to inversely regulate two key surface
behaviors, biofilm formation and swarming motility.
mutant of P. aeruginosa PAK shows a strong attachment defect
in a strain lacking type IV pili (48) and P. aeruginosa PAO1
with a mutation in the psl locus has a block in biofilm initiation
(24).
Swarming motility, another surface behavior of P. aeruginosa, allows this microbe to move across surfaces (11). Swarming motility requires both a functional flagellum and the production of the surface-wetting agent rhamnolipid surfactant,
but the mechanism by which P. aeruginosa propels itself across
the surface has not been explored. Swarming motility can be
distinguished from swimming motility in that swarming is required to move across a hydrated, viscous semisolid surface,
while swimming allows movement through a relatively lowviscosity liquid environment. We have shown that sadB is also
involved in modulating swarming motility in response to
rhamnolipid surfactants (3).
Here we show that SadB participates in the inverse regulation of biofilm formation and swarming motility and requires
chemotaxis cluster IV to mediate these effects. Our data are
consistent with a model in which SadB inversely regulates
these behaviors via its ability both to modulate flagellar reversals in a viscosity-dependent fashion and to influence the production of the Pel polysaccharide. We propose that P. aeruginosa inversely regulates biofilm formation and swarming
motility upon transitioning to a surface lifestyle.

Pseudomonas aeruginosa is an important model organism for
the study of gram-negative biofilm development, yet little is
known about the molecular mechanisms underlying the initial
events leading to the surface interactions that characterize the
early steps in bacterial biofilm formation. Microscopic observations (23, 26, 40, 51) and genetic analyses (2) revealed two
sequential events that lead to stable surface interactions. First,
a bacterial cell pole contacts the surface in a process referred
to as reversible attachment. This is a relatively unstable interaction, as reversibly attached bacteria can readily return to a
planktonic existence. The second event is a transition from the
polar association to one that is mediated by the long axis of the
cell body, referred to as irreversible attachment. In P. aeruginosa, the only mutation known to block the transition from
reversible to irreversible attachment is in the sadB gene (2).
Another key aspect of biofilm formation by P. aeruginosa is
the production of an extracellular matrix. In pseudomonads,
this matrix is thought to be comprised of exopolysaccharides
(EPS), DNA, and protein (19). The biofilm matrix has typically
been credited with structuring the mature biofilm (4). Studies
have identified the pel and psl loci as two sets of genes predicted to be involved in the production of the polysaccharide
component of the matrix required for biofilm maturation by P.
aeruginosa on abiotic surfaces, although only the pel gene cluster is found in P. aeruginosa strain PA14 (7, 8, 15, 27), the focus
of study in this report. Interestingly, recent studies suggest that
the pel locus also plays a role in early biofilm formation. A pel

MATERIALS AND METHODS
Bacterial strains, plasmids, primers, media, and chemicals. Bacterial strains,
plasmids and primers used in this study are shown in Table 1. P. aeruginosa PA14
was cultured on lysogeny broth (LB) medium (1) solidified with 1.5% agar. M63
minimal salts (35) medium supplemented with MgSO4 (1 mM), glucose (0.2%),
and (where indicated) Casamino Acids (CAA, 0.5%) was used for static biofilm
assays. Swarm (0.5% and 0.55% agar) and swim (0.3% agar) plates consisted of
M8 minimal medium (20) supplemented with MgSO4 (1 mM), glucose (0.2%),
and CAA (0.5%). Twitch plates consisted of LB medium solidified with 1.0%
agar. Unless noted otherwise, antibiotics were used at the following concentrations for P. aeruginosa: carbenicillin, 500 g/ml; tetracycline, 150 g/ml, genta-
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TABLE 1. Strains, plasmids and primers used in this study a

Strain, plasmid, or
primer

P. aeruginosa PA14
SMC705
SMC257
SMC252

Relevant characteristics or sequence

Source or
reference

SMC478
SMC2992
SMC2990
SMC3257
SMC2958
SMC2962
SMC2949

Wild type
PA14 sadB::Tn5B21; Tcr
PA14 flgK::Tn5B30; Tcr
PA14 pilB::Tn5B30; Tcr
PA14 ⌬pelA
PA14 pilG::Tn5B21; Tcr
PA14 ⌬pilJ
PA14 ⌬chpB
PA14 ⌬chpB pelA::pMQ89
PA14 PAO178::pKO3PAO178
PA14 wspA::pKO3wspA
PA14 cheR1::pKO3cheR1

37
2
32
32
7
This
This
This
This
This
This
This

Plasmids
pUCP18
pNC5 (pSadB⫹)
pMQ90
pChpB⫹
pPilJ⫹
pMQ30
pMQ30⌬pilJ
pMQ30⌬chpB
pKO3
pKO3-PAO178
pKO3-wspA
pKO3-cheR1

Cloning vector, Cbr Apr
sadB in pUCP18; Cbr Apr
Cloning vector; Cbr Apr
chpB gene cloned in pMQ90
pilJ gene cloned in pMQ90
Suicide vector; Gmr SacB⫹ URA3 CEN6/ARSH4
pilJ KO construct
chpB KO construct
Suicide vector; Tcr
PAO178 KO construct
wspA KO construct
cheR1 KO construct

41
2
42
This
This
42
This
This
30
This
This
This

Primers
pilJKO1
pilJKO2
pilJKO4
chpBKO1
chpBKO2
chpBKO3
chpBKO4
pilJ5⬘
pilJ3⬘
chpB5⬘
chpB3⬘
PAO178KO1
PAO178KO2
wspAKO1
wspAKO2
cheR1KO1
cheR1KO2
a

study
study
study
study
study
study
study

study
study
study
study
study
study
study

5⬘-CAGTCACGACGTTGTAAAACGACGGCCAGTGCCAAGCTTGCACC
ATGGCTCGTATTTTGATTGTTG-3⬘
5⬘-CAGTTTGAAGCCGGATACCGAGCCCGCGAAAAGATTGCCTG-3⬘
5⬘-TCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCCACTCC
ATTCATGTGCCTGAG-3⬘
5⬘-CCCAGTCACGACGTTGTAAAACGACGGCCAGTGCCAAGCTTGGT
GCTCGAGTCCGGTTTCTCC-3⬘
5⬘-CCAGATGCTTGACCAATGCCTCCAACGAGGTGTCGGCGATCAC-3⬘
5⬘-GTGATCGCCGACACCTCGTTGGAGGCATTGGTCAAGCATCTGG-3⬘
5⬘-CATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTGAA
CTCGACGGAGGAAAGATCC-3⬘
5⬘-GGCGGAATTCAAGGAGCCAAATATGAAGAAAATCAACGC-3⬘
5⬘-GGCGAAGCTTCCTCGTCCAAGGTGTCGAC-3⬘
5⬘-GGCGGAATTCCGGCCAGCATGAGTGAGC-3⬘
5⬘-GGCGAAGCTTGTGTTCCGGCTCATGCCATC-3⬘
5⬘-GCGGGGATCCCTCCAGGTGTTCTTCG-3⬘
5⬘-GCGGGAATTCGGTGATCACCAGTTCG-3⬘
5⬘-GCGGCTGCAGGAACTGGACTGTTCG-3⬘
5⬘-GGCGAAGCTTCGTGACGAATTCGG-3⬘
5⬘-GCGGGGATCCGGATTTCGAGTTGTTCAGG-3⬘
5⬘-GCGGGAATTCCGAAATAGCGTTGCAGAC-3⬘

Ap, ampicillin; Cb, carbenicillin; Gm, gentamicin; Tc, tetracycline; KO, knockout.

micin, 100 g/ml. All enzymes used for DNA manipulation were purchased from
Invitrogen (Carlsbad, CA).
Molecular techniques. The DNA flanking the transposon carried by the
pilG::Tn5B21 mutant was mapped to the pilG locus using the published P.
aeruginosa PAO1 genome (45) and arbitrarily primed PCR, as previously described (34). In-frame deletions of pilJ and chpB were generated using pMQ30
(42), constructed as reported elsewhere (13), and the resolved integrants were
confirmed by PCR. Single-crossover insertion of plasmid pKO3 (30) by homologous recombination was used to disrupt the PAO178, wspA, and cheR1 genes.
The constructs were made using the primers in Table 1 and confirmed by PCR.
Plasmids for chpB and pilJ complementation were constructed in pMQ90 by
amplifying chpB and pilJ by PCR using the primers listed in Table 1.
Quantitative reverse transcription PCR (qRT-PCR) was performed as previously reported (21). Bacteria were harvested either from static planktonic cultures incubated for 8 h (typical biofilm assay growth conditions) or on agar plates

used for Congo red assays (see below) but lacking the dyes and solidified with
1.0% agar.
Biofilm assays. Ninety-six-well microtiter plate assays and microscopic analysis
were performed as previously described (29, 33). To quantify reversible versus
irreversible attachment, overnight cultures were normalized by optical density at
600 nm and diluted 1:100 in M63 supplemented with glucose, CAA, and MgSO4.
A 500-l aliquot of this suspension was inoculated into the wells of a 24-well
plate (in duplicate) and incubated for 1 h at 37°C. The medium was removed and
gently replaced, and images were captured at two frames/second for 30 s. Images
were converted to QuickTime files for analysis.
Determining swim reversals. Swim reversal rate measures the frequency at
which a swimming cell changes its direction. Overnight LB-grown cultures were
diluted 1:100 into fresh M63 medium supplemented with glucose. Ficoll was
added at 3% for low-viscosity (swimming) conditions; this added Ficoll slowed
the swimming cells sufficiently to facilitate monitoring of reversal rates. High-
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viscosity conditions, mimicking conditions of swarming motility based on our
previous studies (47), were achieved by adding Ficoll to 15%. Subcultured bacteria were incubated at 37°C for 1 to 2 h, and then 500-l aliquots were added
to the wells of 24-well plates. Phase-contrast, time-lapse images were acquired
every 0.3 s at a ⫻1,400 magnification using the OpenLab software package. The
time-lapse images were converted to QuickTime movies for subsequent analysis.
QuickTime movies were advanced frame by frame, and individual cells were
monitored for the number of times they reversed swim direction while within the
field of view. Approximately 25 cells were counted in each of six wells (⬃125 cells
total) to determine reversal rates, which are expressed as reversals per cell.
Swarm assays. Plate preparation, inoculation, and incubation were performed
as previously described (47). To determine the percentage of swarm plate surface
coverage by a given bacterial swarm, an image of the swarm plate was captured
using a Nikon 990 digital camera (Nikon, Melville, NY) and false colored using
Photoshop software (Adobe, Mountain View, CA) to provide ample contrast
between the bacterial swarm and the agar surface so that the pixels could be
counted using Kodak 1D Image Analysis software (Kodak, Rochester, NY). The
number of pixels that comprised the swarm was expressed as a percentage of the
number of pixels that comprised an image of the surface of the plate. Alternatively, the captured image was imported into PowerPoint (Microsoft), where the
outline of the bacterial swarm was traced in order to distinguish it from the agar
surface. ImageJ software (National Institutes of Health) was used to calculate
both the area within the swarm and that of the plate surface for comparison.
Polysaccharide assays. Congo red (CR) assays were performed as reported
elsewhere, except that the base medium used was M63 medium supplemented
with glucose, MgSO4, and CAA at the concentrations used for biofilm assays (7,
8). Scanning electron microscopy (SEM) was performed as reported elsewhere
(16), except that glutaraldehyde was used at 2.5% and bacteria were grown on
the plastic substrate for 38 h in minimal medium plus glucose and CAA.

RESULTS
Relationship of SadB to biofilm formation and swarming.
We postulated that upon encountering a surface, P. aeruginosa
would likely coregulate its surface-associated behaviors, including biofilm formation and swarming. The fact that SadB
appeared to be required for both biofilm formation (2) and
swarming motility (3) suggested that this protein might be
involved in coregulating these processes; therefore, we pursued
sadB both as a genetic link between these phenomena and to
gain greater insight into how P. aeruginosa regulates its surface
behaviors.
As part of the published characterization of SadB, we demonstrated that SadB protein levels were elevated under conditions that promote robust biofilm formation. These data suggested that there might be a correlation between the levels of
SadB and the extent of biofilm formation. To test this hypothesis, we took advantage of the observation that expressing sadB
in multicopy from a plasmid (pSadB⫹) resulted in elevated
cytoplasmic levels of the SadB protein (2). We examined the
effects of overexpressing SadB from the pSadB⫹ plasmid on
biofilm formation in glucose minimal medium, a medium that
does not promote robust biofilm formation by P. aeruginosa
PA14. In a 96-well biofilm assay, biofilm formation was enhanced ⬃3-fold at 4 h in the wild type (WT) overexpressing
SadB (WT/pSadB⫹) in comparison to the vector control strain
(WT/pUCP18) (Fig. 1A). The WT strain overexpressing SadB
also showed a 2.5-fold increase in the number of bacteria
attached to the surface in comparison to the vector control at
this early time point, as determined by phase-contrast microscopy (Fig. 1B).
The sadB mutant also shows a hyperswarming phenotype
compared to the WT, resulting in an ⬃2-fold increase in surface coverage for the sadB mutant (Fig. 1C). In contrast, overexpression of SadB leads to suppression of swarming motility
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on 0.55% agar but not on 0.5% agar, suggesting a viscositydependent role for SadB in swarm suppression (Fig. 1D). Together, these data suggest an inverse relationship between
swarming motility and biofilm formation mediated, at least in
part, by SadB.
A sadB mutant has a viscosity-dependent defect in flagellar
reversals. Because both swarming motility and biofilm formation are dependent on a functional flagellum, we assayed the
sadB mutant for phenotypes related to motility, in particular,
swim speed and flagellar reversal rate. Directly measuring the
speed of swimming under low-viscosity conditions (using 3%
Ficoll [47]) revealed no difference between the WT (55.3 ⫾
1.83 m/s) and the sadB mutant (53.38 ⫾ 1.52 m/s; P ⫽ 0.37),
a result consistent with our previous findings (2). Because of
the effects of a sadB mutation on swarming motility, we also
measured swimming speed under high-viscosity conditions
(15% Ficoll), which we have shown previously is a condition
analogous to that encountered by the cells when swarming
(47). Under high-viscosity conditions, a small but significant
difference in swimming speed was measured between the WT
(10.03 ⫾ 0.59 m/s) and the sadB mutant (12.29 ⫾ 0.40 m/s;
P ⫽ 0.003), an increase of ⬃23% for the sadB mutant. It is
formally possible that this small increase in swimming motility
can also contribute to the enhanced swarming of the sadB
mutant; however, there are no other data to support this conclusion.
Another component of controlling flagellar motility is regulating the rate of flagellar reversals; therefore, we also assessed
the flagellar reversal rate of the WT and the sadB mutant (Fig.
1E). The rate of reversals under low-viscosity conditions (3%
Ficoll) for the sadB mutant is equal to that of WT. Consistent
with a role for SadB in the control of flagellar-mediated reversals, the sadB mutant displayed a ⬎2-fold increase in flagellar
reversals compared to WT cells in 15% Ficoll. Also under
high-viscosity conditions (15% Ficoll), overexpression of SadB
from plasmid pNC5 (pSadB⫹) in the WT reduced reversals per
cell to 0.52 ⫾ 0.26 compared to 1.36 ⫾ 0.04 for the WT
carrying the pUCP18 vector control (P ⫽ 0.035). This two- to
threefold change in reversal rates is on par with the magnitude
of change in reversal rate observed for Escherichia coli in the
presence of attractants and/or for mutants in the Che machinery (31, 36).
SadB-mediated effects on biofilm formation and swarming
require components of chemotaxis cluster IV. Based on the
viscosity-dependent alteration of flagellar reversals in the sadB
mutant and the known role of the chemotaxis system of E. coli
in the regulation of flagellar reversals (25), we hypothesized
that one of the five chemotaxis-like clusters of P. aeruginosa (6)
might serve as a link between SadB and flagellar function. We
found that a Tn5 insertion in pilG, a component of chemotaxis
cluster IV (cheIV) of P. aeruginosa, resulted in a SadB-like
swarming phenotype, but mutations in none of the other clusters yielded similar phenotypes (Table 2).
To confirm a role for the CheIV cluster in SadB-dependent
effects on biofilm formation and swarming, in-frame deletions
in two genes of the cheIV cluster (Fig. 2A), pilJ, encoding a
predicted methyl-accepting chemotaxis protein (MCP), and
chpB, encoding a predicted MCP demethylase, were constructed. We chose to mutate these genes based on previous
work in E. coli—loss of the MCP should block signaling
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FIG. 1. Surface-associated behaviors influenced by SadB levels. (A) Biofilm formation phenotypes under static conditions. (Top) Image of
crystal violet (CV)-stained biofilms formed by the wild type carrying the vector control (WT/pUCP18) and the wild type overexpressing SadB
(WT/pSadB⫹). Cells were grown in minimal medium containing (0.2%) glucose for 4 h at 37°C before staining with CV. (Bottom) Quantification
of CV-stained wells. (B) Phase-contrast images of WT/pUCP18 and WT/pSadB⫹ attached to the surface of a 24-well plate after incubation at 37°C
for 1 h. For each strain, images were recorded at a magnification of ⫻1,400 over 10 fields of view, and the average number of surface-associated
cells for each strain is indicated below the image. (C) The graph shows the average plate surface coverage that results from swarms produced by
the WT, sadB, and ⌬pilJ strains. Below are representative images of WT, sadB, and ⌬pilJ strains after 16 h of incubation at 37°C. The percent
surface coverage of the WT is significantly less than that of the sadB mutant (P ⫽ 0.0029) and the ⌬pilJ mutant (P ⫽ 0.000018). (D) Aliquots of
the wild type carrying the vector control (WT/pUCP18) and the wild type overexpressing SadB (WT/pSadB⫹) were spotted on 0.5% and 0.55%
swarm agar plates and incubated for 16 h at 37°C. (E) Reversal rates of WT and sadB mutant cells under low-viscosity (3% Ficoll) and high-viscosity
(15% Ficoll) conditions.

through this chemotaxis-like system, while mutating the demethylase should result in hypermethylation of the MCP and
thus presumably result in higher basal receptor activity (25).
Therefore, we predicted that mutations in pilJ and chpB should
have opposite effects on biofilm formation and swarming.
The ⌬pilJ mutant is defective for biofilm formation (Fig. 2B)
and displays a hyperswarming phenotype (Fig. 1C), and pro-

viding pilJ on a plasmid complements these phenotypes (Fig.
2B and C). The ⌬pilJ mutant is also defective for twitching
motility (Table 3). Furthermore, overexpressing SadB in the
⌬pilJ mutant neither stimulates biofilm formation (data not
shown) nor suppresses swarming motility (Fig. 2D and E),
suggesting that PilJ is genetically downstream of SadB. Consistent with this hypothesis, expressing PilJ from a high-copy-

TABLE 2. SadB-dependent biofilm and swarming phenotypes of Che cluster mutants
Chemotaxis
cluster

I
II
III
IV
IV
IV
V
a

Mutation

Swarming
phenotype

SadB biofilm
stimulationc,d

SadB swarm
repressionc,e

⌬motABa
⌬motCD
PAO178::pKO3PAO178
wspA::pKO3wspA
pilG::Tn5B21
⌬pilJ
⌬chpB
cheR1::pKO3cheR1

WT
Nonswarming
Decreased
WT
Hyperswarmerb
Hyperswarmerb
Nonswarming
Decreased

N
N
Y
Y
N
N
ND
Y

N
ND
Y
Y
M
N
ND
Y

These genes are not in clusters CheI to CheV.
As determined by a lack of avoidance of other bacterial swarms, as reported elsewhere (3).
N, no; Y, yes; M, moderate; ND, not determined.
d
Determined by testing whether SadB expressed from a plasmid stimulated biofilm formation (see Fig. 1A).
e
Determined by testing whether SadB expressed from a plasmid repressed swarming motility on 0.55% agar (see Fig. 1D).
b
c
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FIG. 2. The ⌬pilJ mutant is biofilm defective and a hyperswarmer. (A) CheIV chemotaxis cluster. pil genes are shown in light gray and chp genes
in dark gray. Black arrows represent open reading frames, and gene names are given below the arrows. (B) Biofilm formation by the WT, ⌬pilJ
mutant, and complemented strains at 8 h. Cells were grown at 37°C for 8 h in minimal medium containing glucose and CAA. (C) Aliquots of the
⌬pilJ mutant carrying the vector control (⌬pilJ/pMQ90) or a construct expressing the pilJ gene in trans (pPilJ⫹) were spotted on 0.5% swarm agar
plates and incubated at 37°C for 16 h. (D) Aliquots of the ⌬pilJ mutant carrying the vector control (⌬pilJ/pUCP18) or a construct overexpressing
SadB (pSadB⫹) were spotted on 0.5% and 0.55% swarm agar plates and incubated at 37°C for 16 h. (E) The extent of swarming, expressed as
percent surface coverage, is shown on 0.5% agar for the strains indicated. *, statistically significant decrease in swarming compared to the other
strains (P ⬍ 0.001).

number plasmid suppresses the swarming of the sadB mutant
(Fig. 2E). In contrast to the ⌬pilJ mutant, the ⌬chpB mutant
cannot swarm (Fig. 3A) but forms a more robust biofilm than
the WT (Fig. 3B).
If the CheIV cluster is in the same genetic pathway as SadB,
we predict that mutations in ⌬pilJ and/or ⌬chpB might cause
altered flagellar reversal rates. Consistent with the observation
that the ⌬pilJ mutant and the sadB mutant have similar biofilm
and swarming phenotypes, the ⌬pilJ mutant also shows an
⬃2-fold increase in flagellar reversal rates compared to the
WT under high-viscosity conditions; however, the reversal rate

TABLE 3. Swimming, twitching and swarming phenotypese
Zone (mm)

Strain
genotype

Swim

WT
pilG::Tn5B21
⌬pilJ
⌬chpB
flgK::Tn5B30
pilB::Tn5B21
sadB

28.9 ⫾ 1.9
29.5 ⫾ 0.7
37.0 ⫾ 1.0
22.0 ⫾ 1.0
0
ND
NDd

a

Twitchb

Swarming
(% coverage)c

14.3 ⫾ 1
0
0
13.3 ⫾ 0.4
ND
0
NDd

30
ND
72
⬍10
0
ND
63

a
The diameter of the circular zone of motility formed on 0.3% agar plates
after 24 h incubation at 37°C, as reported previously (32).
b
The diameter of the circular zone of motility formed on 1.5% agar after 24 h
incubation at 37°C, followed by 24 h at 25°C, as reported previously (32).
c
Swarming is presented as the percentage of the agar plate covered, as reported previously (3).
d
We reported previously that a sadB mutant has no swimming or twitching
defect (2).
e
ND, not determined.

of the ⌬chpB mutant is not significantly different from that of
the WT (Fig. 3C).
Mutating chpB increases production of the pel-encoded matrix. We investigated whether the ⌬chpB mutant is altered for
other biofilm-related functions that might explain the hyperbiofilm and nonswarming phenotypes of this mutant. The
⌬chpB mutant did not display any defects in swimming or
twitching motility (Table 3). The ⌬chpB mutant did show increased binding to CR compared to the WT (Fig. 3D, compare
left and center panels). CR has been shown to bind the pelencoded polysaccharide of P. aeruginosa PA14 (7, 8). Consistent with the conclusion that mutating chpB alters production
of the Pel polysaccharide, introducing a pelA mutation into the
⌬chpB genetic background completely eliminated CR binding
(Fig. 3D).
The CR data were confirmed by SEM (Fig. 3E) using methods similar to those reported for the analysis of the Pel polysaccharide (7). The WT produced an amorphous material
characteristic of extracellular polysaccharides, and consistent
with the CR studies, the ⌬chpB mutant produced more of this
material (Fig. 3E, compare left and center panels).
To determine whether the ⌬chpB mutant affected pel gene
transcription, we measured the transcript levels of pelA and
pelG using qRT-PCR. We chose to assess the expression of
pelA and pelG because both of these genes are predicted to
code for enzymes required to produce the glucose-rich polysaccharide component of the P. aeruginosa matrix (7). The WT
and the ⌬chpB mutant were grown either planktonically under
static conditions (identical to conditions used for biofilm assays) or on agar plates under conditions identical to those used
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FIG. 3. The ⌬chpB mutant is defective for swarming motility and displays increased biofilm formation and CR binding. (A) Aliquots of the
⌬chpB mutant carrying the vector control (⌬chpB/pMQ90) and a construct expressing the chpB gene in trans (pChpB⫹) were spotted on 0.5%
swarm agar plates and incubated at 37°C for 16 h. (B) Biofilm formation by the WT and ⌬chpB mutant was assessed after 4 h of growth at 37°C
in minimal medium containing glucose. Shown are representative wells (top) and quantification of the biofilm assays (bottom). (C) Reversal rates
of the WT and the ⌬pilJ and ⌬chpB mutants under high-viscosity (15% Ficoll) conditions. (D) CR assays with the WT, the ⌬chpB mutant, and the
⌬chpB pelA double mutant. Plates were incubated for 24 h at 37°C and an additional 24 h at room temperature. (E) SEM of WT and the ⌬chpB
and ⌬pilJ mutants. Images were prepared with ruthenium red to highlight polysaccharides. (F and G) Quantitative RT-PCR analysis of pelA
(F) and pelG (G) gene expression in agar-grown cultures of the indicated strains. *, statistically significant difference from the WT (P ⬍ 0.05).

for CR assays (minus the dyes). A small (⬃2-fold) but significant increase in pelA transcript, but no difference in pelG
transcript level, was observed between the WT and ⌬chpB
mutant grown as a colony (Fig. 3F and G), and no difference
was observed when the cultures were grown planktonically
(data not shown). These data suggest that mutating chpB has
little or no effect on the expression of the pelA and pelG genes.
The mutation in pilJ also results in a small decrease in CR
staining and an altered colony morphology, but to a degree
identical to that observed for a mutant lacking type IV pili
(data not shown), suggesting that loss of PilJ function plays
little or no role in EPS production. However, it may not be
possible to observe subtle changes in EPS production using the
CR assay. Consistent with the CR findings, SEM studies indicated that the WT and ⌬pilJ mutant produced similar levels of
extracellular material (Fig. 3E, right panel).
Role for sadB in Pel polysaccharide production. We predicted that the sadB mutant might also be altered for polysaccharide production. Given the lack of biofilm formation and
increased swarming of the sadB mutant strain, phenotypes

opposite those of the ⌬chpB mutant, we predicted that the
sadB mutant would bind less rather than more CR, and this is
what we observed (Fig. 4A). Furthermore, SEM analysis revealed that the sadB mutant produced noticeably less extracellular matrix material than the WT (Fig. 4B). The ⌬pelA mutant, defective in production of the Pel polysaccharide, served
as a control in this study.
We determined whether the sadB mutant affected pel gene
transcription. A small (⬃2-fold) but significant increase was
observed for the pelA or pelG transcript level in the sadB
mutant versus the WT grown under colony growth conditions
(Fig. 4C and D), and no difference in transcript levels was
observed under planktonic conditions (data not shown), indicating that the decrease in CR staining in the sadB mutant
cannot be explained by decreased transcription of the pel locus.
Role for the pel locus in swarming and early biofilm formation. Given the apparent relationship between swarming and CR
binding described above, we also determined whether a mutation
in pelA might impact swarming motility. A strain mutated in the
pelA gene showed a ⬃2.5-fold increase in swarming motility com-
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compared to the WT (94.7% ⫾ 4.2%; P ⫽ 0.0000583). The
decrease in irreversible attachment of the pelA strain is not as
striking as that observed for the sadB mutant (67.8% ⫾ 8.1%;
P ⫽ 0.0001417).
DISCUSSION

FIG. 4. A sadB mutant displays decreased Pel polysaccharide production but no decrease in pel gene expression. (A) CR binding assays
with the WT and the sadB mutant. Plates were incubated for 24 h at
37°C and an additional 24 h at room temperature. (B) SEM of the
indicated strains. Images were prepared with ruthenium red to highlight polysaccharides. (C and D) Quantitative RT-PCR analysis of pelA
(C) and pelG (D) gene expression in agar-grown cultures of the indicated strains. *, statistically significant difference from the WT (P ⬍
0.05). (E) Swarming phenotype of the WT and the ⌬pelA mutant.
Shown are a representative swarm plate for each strain and quantification of plate coverage for each strain (five plates).

pared to the WT strain (Fig. 4E). A mutation in the pelA gene
does not impact swimming or twitching motility (data not shown).
Several mutations described above impact both biofilm formation and motility, and furthermore, sadB is known to impact
biofilm formation at the transition from reversible to irreversible attachment. If the pel-encoded matrix also plays a role at
this early step in biofilm formation, we would predict that a
strain defective for matrix production would also have a defect
in irreversible attachment. Consistent with this prediction, in a
static assay, we observed a statistically significant decrease in
irreversible attachment of the ⌬pelA mutant (86.1% ⫾ 3.2%)

Here we show that SadB, originally identified as required for
early biofilm formation, is also a negative effector of swarming
motility, a result consistent with our previous findings (3). We
also showed previously that RpoN and FleR, known regulators
of flagellum and rhamnolipid production in P. aeruginosa (14,
38, 46), also regulate SadB levels (2), suggesting that SadB is
coregulated with other functions required for swarming and
biofilm formation. How does SadB contribute to both biofilm
formation and swarming behaviors? A model summarizing the
findings from this study is shown in Fig. 5. While we have yet
to identify the biochemical function of the SadB protein, our
results implicate this protein in two pathways that impact
swarming motility and biofilm formation.
First, SadB is involved in mediating flagellar reversals, but
only under high-viscosity conditions likely similar to those encountered during either biofilm formation or swarming, but
not swimming. A role for the chemotaxis cluster in E. coli in
controlling flagellar reversal rates prompted us to investigate
the potential involvement of the five chemosensory-like clusters of P. aeruginosa as a mechanism for linking SadB to flagellar function. An in-frame deletion of pilJ, an MCP homolog,
rendered the strain biofilm defective and a hyperswarmer and
resulted in increased flagellar reversals. The biofilm, swarming
and flagellar reversal phenotypes of the ⌬pilJ mutant are identical to those of a sadB mutant strain. Epistasis analysis indicates that SadB is genetically upstream of pilJ, consistent with
a model wherein sadB exerts its effects on flagellar rotation via
the CheIV chemosensory system.
Based on the E. coli paradigm (25), loss of the PilJ MCP
should block signaling via this chemosensory system. In contrast, mutating the demethylase gene homolog, chpB, should
result in a hypermethylated MCP with higher basal receptor
activity. Consistent with these hypotheses, the ⌬chpB mutant is
defective for swarming but forms a more robust biofilm than

FIG. 5. Model for inverse control of biofilm formation and swarming motility. Planktonic bacteria (top) initially interact with the surface, likely
via reversible polar attachment, although which end of the cell interacts with the abiotic surface is unclear. A pathway that includes SadB and
components of the CheIV chemotaxis cluster (PilJ and ChpB) controls the decision to initiate biofilm formation or move via swarming. Biofilm
formation is associated with an increase in the production of Pel-dependent polysaccharide (Pel) and a decrease in flagellar reversal rate (FlaRev).
Swarming is associated with decreased production of polysaccharide and an increased rate of flagellar reversals. The substratum is shown as a
gradient of gray to represent the fact that variations in surface properties (viscosity, wetness, etc.) might also impact the biofilm-versus-swarming
decision.
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the WT, phenotypes opposite those observed for the ⌬pilJ
mutant.
While mutations in sadB and pilJ resulted in increased
flagellar reversals, to our surprise the ⌬chpB mutant did not
have the predicted decrease in reversals and in fact showed no
discernible effect on this behavior. Perhaps the repression of
flagellar reversals is accomplished via another pathway. Alternatively, while the ⌬chpB mutation alters the basal activity of
the MCP, perhaps a second input signal is still required to
observe decreased reversals in this mutant background. We do
show here that mutations in chpB impact another known biofilm-related factor, namely, the production of the putative pelencoded matrix. A ⌬chpB mutant has a CR-hyperbinding phenotype that is pelA dependent and results in increased matrix
production as judged by SEM, but the ⌬chpB mutation does
not alter pel gene expression, suggesting that this mutation
increased production of the Pel polysaccharide by a nontranscriptional mechanism. In contrast to the ⌬chpB mutant, the
sadB mutant showed decreased CR binding and matrix production, suggesting that SadB positively impacts production of
the Pel polysaccharide. Despite the decrease in apparent production of the Pel polysaccharide by the sadB mutant, expression of the pelA and pelG mRNAs is slightly up-regulated in
the sadB mutant versus the WT. These data indicate that the
reduction of Pel polysaccharide production in a sadB mutant
occurs via a nontranscriptional mechanism.
At this point, we do not understand how SadB or components of the CheIV cluster impact EPS production. Given the
lack of change in pel gene expression in the sadB and chpB
mutants, one obvious explanation for the changes in matrix
production in strains mutated in these functions is that Pel
production is controlled by a mechanism other than regulation
of pel operon gene expression. To date, the only known means
of nontranscriptional regulation of EPS production in pseudomonads is thought to be via the nucleotide signaling molecule
c-di-GMP (10, 12, 17, 22, 44). However, there are no proteins
with known c-di-GMP-related motifs in the CheIV cluster or in
the CheI, CheII, or CheV cluster. The WspR protein, a component of the wsp chemosensory system (CheIII cluster) of P.
aeruginosa, which plays a role in biofilm formation and EPS
production, contains a GGDEF domain, an amino acid motif
associated with the synthesis of c-di-GMP from GTP, and has
been shown in vitro to catalyze c-di-GMP synthesis (12), but
mutations in wspR do not yield SadB-like phenotypes. Furthermore, SadB lacks the EAL, GGDEF, and HD-GYP domains
(39, 44) associated with c-di-GMP metabolism, and we have no
biochemical evidence that SadB is involved in c-di-GMP metabolism (data not shown), nor does it appear to alter cellular
pools of c-di-GMP (J. Hickman, J. Merritt, C. Harwood, and
G. O’Toole, unpublished data). Therefore, the mechanism by
which SadB and ChpB modulate Pel polysaccharide production remains to be elucidated.
Components of the CheIV cluster, including pilJ and the
previously described chpA (49), also play a role in twitching
motility, indicating that this putative chemosensory system participates in coordinating all three known surface behaviors of
this microbe. We also showed that mutations in pilJ and chpB
had no effect on swimming motility, further reinforcing a role
for the CheIV cluster specifically in surface-associated behaviors of this microbe.
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Our data suggest that SadB and PilJ modulate flagellar reversals under high-viscosity conditions but do not contribute to
the control of flagellar reversals under the low-viscosity conditions that favor swimming. We hypothesize that SadB-dependent control of flagellar reversals upon polar, reversible attachment to a solid surface might decrease rotation about the cell
pole and thus increase the time of interaction between the
bacterium and its substratum, thereby promoting biofilm formation. In contrast, increased reversal rates appear to favor
swarming motility. Wolfe and Berg postulated that for E. coli,
increasing flagellar reversals might in some circumstances facilitate the ability to move through a semisolid matrix (50).
Based on their microscopic observations, they concluded that
“cells that do not tumble tend to get trapped in agar” and move
less efficiently through this matrix (50). While that study was
performed in the context of swimming through 0.3% agar, our
data suggest that this phenomenon might also be extended to
swarming conditions. Also consistent with our data is the finding that E. coli strains locked in the “tumbling” chemotaxis
mode by mutation had a reduced ability to attach to an abiotic
surface compared to the WT or mutants locked in the “running” mode (28). In addition to controlling flagellar function,
by coordinating the production of the Pel polysaccharide, SadB
can modulate another facet of biofilm initiation and swarming.
Work presented here and recent published studies (24, 48)
show that a functional pel locus contributes to early biofilm
formation, and we show here that mutating the pel locus promotes swarming motility (Fig. 4D). This inverse relationship
between polysaccharide production and motility has been
noted in several other studies of P. aeruginosa (5, 9, 18, 43).
Our studies may provide a mechanistic basis for a recent
exciting report by Shrout and colleagues (43). They proposed
that early in biofilm formation, the extent of swarming motility
helps dictate the final structure of the biofilm. That is, under
conditions that promote swarming early in biofilm formation,
the resulting mature biofilm is flat, while under conditions
inhibitory to swarming motility, a biofilm with aggregates (distinct macrocolonies) will result. Based on their experimental
work and accompanying mathematical simulations, they also
postulated a role for a polysaccharide-containing matrix in the
formation of the aggregates during biofilm development (43).
One interpretation of the study of Shrout et al. is that P.
aeruginosa must be able to integrate several important cell
functions early in biofilm formation, namely, swarming motility
and matrix production. The data presented in our report suggest that SadB and the CheIV cluster provide a molecular
means for coregulating these functions.
We propose that P. aeruginosa inversely regulates the surface-associated behaviors of biofilm formation and swarming
by controlling both flagellar reversals and the production of the
Pel polysaccharide. Flagellar reversal rates in E. coli are largely
regulated nontranscriptionally via the Che signal transduction
pathway (25), and given the high sequence similarity of the
cheIV cluster components to their E. coli counterparts, this is
likely also the case in P. aeruginosa. CR binding and SEM data,
together with the pelA and pelG transcriptional analysis presented here, indicate that production of the pel-encoded EPS
may also be controlled by SadB and the CheIV cluster via a
mechanism other than transcriptional control. Given that PilJ
is also involved in twitching motility, the CheIV cluster may

VOL. 189, 2007

BIOFILMS AND SWARMING

coordinate three different surface behaviors: swarming motility, twitching motility and biofilm formation. An appealing
aspect of this regulatory strategy for coregulating surface behaviors is that in adapting to a surface-associated lifestyle, P.
aeruginosa may be able to seamlessly and rapidly transition
among its surface behaviors as it encounters ever-changing
substratum properties and environmental conditions.
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